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ABSTRACT 
Conventional high performance 1 i qu i d chromatography instrumentation 
and packing materials can be inexpensively and rapidly utilized for the 
qualitative and quantitative analysis of various metal cations or anions. 
The final approaches utilize reversed phase HPLC in the form of paired-ion 
separations. The detection of individually eluted, fully resolved metal 
cations or anions is possible conventional refractive index or inductively 
coupled plasma emission spectroscopic detection. In many cases, unresolved 
mixtures of metal cations, eluted as a single peak on HPLC, can be resolved 
and identified via the use of ICP detection. Both metal cations and anions 
can be easily resolved, according to oxidation states, using paired-ion 
techniques, in combination with ICP detection. Final data representation can 
be in the form of conventional, continuous RI and/or ICP chromatograms, 
pulsed data ICP presentations, and/or tabular ICP data presentation. 
INTRODUCTION (1) 
Inorganic metal toxicity has long been an area of intense biological, 
toxicological, and medical interest. The apparent toxic properties of most, 
* Author to whom correspondence and reprint requests should be addressed. 
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464 BUSHEE ET AL. 
i f  not a l l ,  metals ( f r e e  metals,  ca t ion ic /an ionic  valences,  che la t e s ,  and/or 
organometal s )  have been elucidated and extensively described f o r  severa l  
decades (2-6).  Unfortunately, t he  vas t  majority of published metal t o x i c i t y  
s tud ies  have never involved appropr ia te  ana ly t ica l  methodology. Wherein 
ana ly t ica l  methods have been used as  par t  of the biological s t u d i e s ,  these  
provided t o t a l  metal concentrations o r  l e v e l s ,  r a the r  than the more des i r ab le  
spec i f i c  metal spec ia t ion  p ro f i l e s  f o r  the  p a r t i c u l a r  b io log ica l ,  tox ico logica l ,  
o r  medical samples of i n t e r e s t  (7-17).  Some of t he  more commonly employed 
instrumental methods o f  ana lys i s  f o r  t o t a l  metal determinations have been: 
d i r e c t  flame/flameless atomic absorption spectroscopy (FAA,  GFAA) , d i r e c t  
cur ren t  (DCP) o r  inductively coupled plasma (ICP) emission spectroscopy, 
flame emission spectroscopy, atomic fluorescence spectroscopy, anodic s t r ipp ing  
voltanunetry, pulse polarography, spark source mass spectrometry,  X-ray 
fluorescence,  and o thers  (18, 19).  
Within recent years i t  has become apparent t o  most s c i e n t i s t s  and some 
decision makers t h a t  pa r t i a l  o r  complete metal spec ia t ion  of environmental, 
b io logica l ,  tox ico logica l ,  and/or medical type samples must be undertaken 
on a regular  bas i s .  That i s ,  only when a l l  o r  most metal species present 
in any sample a r e  accurately known, can we then appropr ia te ly  descr ibe  and 
ascr ibe  b io logica l ,  medical, o r  toxicological proper t ies  t o  t h a t  p a r t i c u l a r  
mixture of metals and/or meta l l ic  compounds/ions. Many metals e x i s t  as  t he  
f r ee  metal ,  various ca t ion ic  and/or an ionic  oxidation s t a t e s ,  o rganica l ly  
bound chelates/complexes, and/or organometals. Obviously, the f i n a l  spec ia t ion  
of metals i n  a complex sample matrix,  o f ten  in the  presence of  o the r  metals 
and t h e i r  spec ies ,  must involve some s o r t  of an i n i t i a l  separa t ion  process. 
Considerable a t t en t ion  has been devoted in recent years  towards t h e  HPLC 
separation and de tec t ion  of various metal spec ies ,  usually employing UV, 
AA, ICP, o r  electrochemical de tec t ion  (8-17, 20-31). I n i t i a l l y ,  HPLC was 
applied t o  the  separation and iden t i f i ca t ion  of mainly organometals and/or 
metal chelates/complexes. Within the  pas t  few yea r s ,  a tremendous i n t e r e s t  
has emerged towards inorganic metal cation/anion ana lyses ,  e spec ia l ly  in  the 
use o f  ion chromatography (IC) and/or high performance ion-exchange type 
chromatography, toge ther  with conductivity and/or electrochemical de tec t ion  
(15, 20-22, 32-39). I t  has become obvious t h a t  IC, espec ia l ly  y& t h e  use of 
comnercially ava i lab le  instrumentation, has become q u i t e  popular, very usefu l ,  
and can be readi ly  u t i l i z e d  w i t h  pre-concentration methods f o r  t r a c e  environ- 
mental and/or toxicological s tud ie s .  Unfortunately, such chemical instrumenta- 
t i on  has become qu i t e  expensive ($l5,000-$25,00O/unit), and must be dedicated 
t o  the  performance of inorganic/organic ca t ion  o r  anion type analyses.  IC does 
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METAL CATIONfANION SPECIATION 465 
l i q u i d - s o l i d ,  l i q u i d - l i q u i d ,  bonded phase, reversed phase, paired- ion,  o r  
gel  permeation techniques and approaches. 
has been reported i n  recent years, espec ia l l y  w i t h  regard t o  u t i l i z i n g  
comnercial type HPLC instrumentat ion f o r  performing inorgan ic  metal ca t ion /  
anion type analyses. Q u i t e  obviously, t h i s  s i t u a t i o n  should be remedied, and 
the  work described here, i n  pa r t ,  has been designed w i t h  t h i s  goal i n  mind. 
A l l  o f  t h i s  work has u t i l i z e d  conventional reversed phase type packing mater ia ls ,  
C18, w i t h  pa i red- ion  modif ied mobi le phases. In t he  recent past,  others have 
b r i e f l y  reported on the  use o f  such approaches f o r  the separat ion o f  var ious 
ca t ions  and anions, but such work was most o f t e n  not i n te r faced  w i t h  the  
l a t e s t  advances i n  I C P  de tec t ion .  That work which has used ion-exchange HPLC 
and/or che la t ion  chromatography has genera l l y  used conduc t i v i t y  detect ion,  
atomic absorpt ion spectroscopy, and/or electrochemical de tec t ion  (8-16, 20-39). 
Very l i t t l e  work has been described w i t h  regard t o  metal c a t i o n  o r  anion 
separations via conventional reversed phase HPLC in te r faced  w i t h  I C P  de tec t ion .  
The work o f  Gast gal. i s  a notable exception t o  t h i s  l a s t  statement (30). 
Valenty and Behnken have described the  use o f  C18 type columns together w i t h  
pa i red- ion  reagents f o r  the complete separat ion o f  c e r t a i n  p o s i t i v e l y  charged 
ruthenium complexes, fo l lowed by UV de tec t ion  (40). Some inorgan ic  anions 
have recent ly  been analyzed us ing  paired- ion reversed phase HPLC approaches, 
using UV, R I ,  and/or g raph i te  furnace AA detec t ion  (11, 12, 26, 41-45). 
Perhaps Molnar &a. have reported the most ex tens ive ly  on the  poss ib le  
app l i ca t i ons  o f  paired- ion RP-HPLC f o r  the  separat ion o f  inorgan ic  cat ions 
and anions, bu t  t h i s  p a r t i c u l a r  work invo lved conduc t i v i t y  de tec t ion  (45). 
The ove ra l l  de tec t ion  l i m i t s  i n  t h i s  study were q u i t e  impressive (ppb). 
We describe here resu l t s  u t i l i z i n g  pa i red- ion  RP-HPLC techniques f o r  
metal ca t i on  and anion separations, wherein t h i s  i s  i n te r faced  w i t h  RI and/or 
ICP detec t ion  methods. Paired- ion RP-HPLC al lows f o r  the  separat ion o f  each 
group o f  cat ions combined w i t h  spec ia t ion  w i t h i n  a ca t i on  group 2 I C P  
de tec t ion .  This same approach a lso  al lows f o r  the  separat ion and I C P  spec ia t ion  
o f  various arsenic containing oxyanions, as i n  the  o r i g i n a l  work of Gast 
- a l .  (30). Thus, by apply ing these d i f f e r e n t  separat ion methods together w i t h  
R I  and/or I C P  detect ion,  i t  i s  now possible t o  qu i ck l y  and e a s i l y  separate and 
speciate f o r  a l a r g e  number o f  metal c a t i m s  and anions. 
Unfortunately,  r e l a t i v e l y  1 i t t l e  non-IC o r  non-ion-exchange type work 
EXPERIMENTAL 
Reagents 
Baker analyzed reagents from VWR Sc ien t i f i c ,  Inc .  (Boston, Mass.); Fisher 
Inorganic s a l t s ,  reagent grade, were obtained from the  fo l l ow ing  sources: 
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ACS c e r t i f i e d  grade from Fisher S c i e n t i f i c ,  Inc.  (Medford, Mass.); P fa l t z  & 
Bauer, Inc . ,  grade unspecified (Stamford, Conn.); and Alfa/Ventron Inorganics,  
Inc . ,  grade unspecified (Danvers, Mass.). The ion-pairing reagents,  PIC A o r  
PIC B ,  were obtained from Waters Associates,  Inc. (Milford,  Mass.), and the  
mobile phase water was purchased from the J.T. Baker Chemical Co. (Ph i l l i p s -  
b u r g ,  N.J . ) ,  o r  used d i r e c t l y  from a Corning Mega-Pure s t i l l  (Corning Corp., 
Corning, N . Y . ) .  
Apparatus 
We have u t i l i z e d  a number of HPLC instrumental arrangements f o r  t he  
present work, and a l l  have proven sa t i s f ac to ry .  A typ ica l  HPLC arrangement 
consisted of a Laboratory Data Control (LDC) (Riviera Beach, Fla.)  Model 
711 so lvent  delivery system, modified with a spec ia l  pulse dampener (Analabs, 
Inc., North Haven, Conn.), o r  a newer LDC Constametric I11 pump, a Rheodyne 
Model 7125 syringe in j ec t ion  valve (Rheodyne Corp., Co ta t i ,  C a l i f . ) ,  an Altex/ 
Beckman var iab le  wavelength UV-VIS de tec tor  (Altex/Beckman Corp., I rv ing ,  
C a l i f . ) ,  a Waters Model 401 RI de tec to r  (Waters Assocs.), o r  a Micromeritics 
Model 771 RI de tec tor  (Micromeritics Corp., Norcross, Ga.), a modified 
Instrumentation Laboratory Model Plasma-100 inductively coupled plasma 
emission spectrometer (Instrumentation Laboratory, Inc . ,  Wilmington, Mass.), 
and a Linear Corp. ( I rv ine ,  Ca l i f . )  o r  Honeywell Corp. (Minn., Minn.) dual 
pen recorder.  The RI/ICP data were obtained 
a separa te  ICP pr in t -out  from the  Plasma-100 system. Often, both t h e  recorder 
ICP chromatogram and the t abu la r  data format from the ICP were obtained a t  
t he  same time. A t  o ther  t imes,  t he  t abu la r  data presenta t ion  could be manually 
used t o  reconstruct a pulsed type o r  continuous type HPLC-ICP chromatogram. 
This was done knowing the  timed in t eg ra t ion  sequence of the  t abu la r  data 
presentation. In l a t e r  runs, the  Plasma-100 system was operated t o  present 
both pulsed type chromatograms, as  below, and simultaneous t abu la r  da ta  
presentations.  This provided addi t iona l  confirmation of t he  ICP r e s u l t s  f o r  
t he  f ina l  metal spec ia t ion .  
were usually obtained commercially, as  follows: 1) Hibar I1  RP-18 pre-packed 
column (4 .6m x 25cm)(MCB Chemicals, Inc . ,  Cinc., Ohio);  2 )  Alltech C-18 
(4.6m x 25cm)(Alltech Assocs., Inc . ,  Deerfield,  I l l . ) ;  3)  Altex/Beckman 
Ultrasphere ODs (4.6m x 15cm)(Altex/Beckman Corp.); o r  4 )  s l u r r y  packed 
in-house columns using Lichrosorb RP-18 (4.6mn x 25cm)(MCB Chemicals, I n c . ) .  
a dual pen recorder ,  and/or 
In the  work described, the  HPLC columns were a l l  of the C18 type ,  and 
Methods 
6-8 counter-ions,  the  mobile phase cons is ted  of t he  PIC reagent (0.005M) 
In a l l  s tud ies  involving paired-ion RP-HPLC, using the  PIC B-5 o r  PIC 
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prepared e x a c t l y  acco rd ing  t o  t h e  manu fac tu re r ' s  d i r e c t i o n s ,  a t  a f i n a l  pH= 
2.9-3.0. I t  would appear t h a t  a l ow  pH i s  necessary f o r  success fu l  me ta l  
c a t i o n  separa t i ons  by a p a i r e d - i o n  RP-HPLC approach. Use o f  t h e  P I C  A reagen t  
(0.005M) f o r  a r s e n i c  oxyanion separa t i ons  i n v o l v e d  i t s  p r e p a r a t i o n  a l s o  
acco rd ing  t o  t h e  manu fac tu re r ' s  d i r e c t i o n s ,  w i t h  a f i n a l  pH = 7.15. S p e c i f i c  
f l o w  r a t e s ,  e f f l u e n t  s p l i t  r a t i o s ,  and more s p e c i f i c  HPLC-detector o p e r a t i n g  
c o n d i t i o n s  a r e  presented below. An approx ima te l y  50:50 e f f l u e n t  s p l i t  r a t i o  
was used i n  a lmost  a l l  o f  t h e  dual  d e t e c t o r  s t u d i e s ,  making use o f  a f i x e d  
r a t i o  'IT" t y p e  s p l i t t e r  ( A l l t e c h  Assocs., I n c . ) .  
pre-column was used, o n - l i n e  and j u s t  b e f o r e  t h e  i n j e c t i o n  v a l v e ,  i n  o r d e r  
t o  ex tend  column 1 i f e t i m e s .  The recommendation o f  Waters Assocs. was f o l l o w e d  
w i t h  rega rd  t o  washing t h e  CI8 columns a t  t h e  end o f  each day w i t h  50:50 
Me0H:HOH. Columns p r o t e c t e d  i n  these  ways have l a s t e d  f o r  a t  l e a s t  s i x  months, 
w i th  no apparent  change i n  o v e r a l l  column e f f i c i e n c i e s  o r  r e t e n t i o n  t imes.  
The a n a l y t i c a l  column was always thermostated i n  a cons tan t  temperature w a t e r  
b a t h  a t  o r  about 25OC, i n  o r d e r  t o  improve r e t e n t i o n  t i m e  r e p r o d u c i b i l i t y  and 
decrease ambient temperature e f f e c t s  on c a p a c i t y  f a c t o r s .  
I n  a l l  o f  t h e  p a i r e d - i o n  work, a m o b i l e  phase s a t u r a t i o n ,  s i l i c a  g e l  
D e t e c t i o n  l i m i t s  by R I  were determined d i r e c t l y  f rom t h e  r e s u l t i n g  
chromatograms, u s i n g  minimum s e t t i n g s  p o s s i b l e  on  t h e  d e t e c t o r  t o g e t h e r  w i t h  
a s igna1 :no ise  r a t i o  of a t  l e a s t  3 : l  i n  each case. D e t e c t i o n  l i m i t s  by I C P  
were determined usling a 2:l s igna1:noise r a t i o  f rom t h e  t a b u l a r  d a t a  format ,  
wherever t h i s  was f e a s i b l e  and p r a c t i c a l .  
RESULTS AND DISCUSSION 
The use o f  an o rgan ic  c o u n t e r  i o n  i n  t h e  m o b i l e  phase t o  pe r fo rm p a i r e d -  
i o n  reve rsed  phase (RP) -HPLC has been desc r ibed  f o r  many y e a r s ,  b u t  a lmost  
e x c l u s i v e l y  w i t h  r e g a r d  t o  o r g a n i c  i o n  separa t i ons  (46-48) .  Th i s  method has 
proven t o  be an ex t reme ly  u s e f u l  a l t e r n a t i v e  t o  t r a d i t i o n a l  ion-exchange t y p e  
HPLC f o r  o r g a n i c  compounds t h a t  a r e  a b l e  t o  fo rm i o n - p a i r s  i n  aqueous 
s o l u t i o n s .  I t s  use f o r  i n o r g a n i c  c a t i o n / a n i o n  HPLC separa t i ons  has been 
desc r ibed  much l e s s ,  and t h e  r e c e n t  work o f  Mo lna r  S G .  j u s t  i n d i c a t e s  
some o f  t h e  p o t e n t i a l s  which t h i s  approach ho lds  (45) .  Wherein t h i s  approach 
has been desc r ibed  f o r  i n o r g a n i c  i o n s ,  i t  has m o s t l y  been a p p l i e d  t o  t h e  
s e p a r a t i o n  o f  an ions,  w i t h  much l e s s  work hav ing  been r e p o r t e d  f o r  me ta l  
c a t i o n s  (41-45). 
We have been q u i t e  i n t e r e s t e d  i n  demons t ra t i ng  t h e  p o s s i b l e  uses o f  
i o n - p a i r i n g  f o r  me ta l  c a t i o n  and a n i o n  separa t i ons ,  and w i t h  t h e  even tua l  
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we descr ibe  here has used a commerc ia l ly  a v a i l a b l e  CI8 t ype  reversed phase 
column, o f  var ious dimensions, w i t h  mob i le  phases c o n s i s t i n g  o f  e i t h e r  
PIC-B o r  P I C  A type  i o n - p a i r i n g  reagents a t  a s i n g l e  concent ra t ion .  Q u i t e  
obv ious ly ,  o t h e r  combinations of column packings, column dimensions, mob i le  
phases, mobi le  phase concent ra t ions ,  and f i n a l  f l o w  r a t e s  c o u l d  be used i n  
t h e  f u t u r e  t o  improve o r  mod i fy  t h e  f i n a l  separa t ions .  Table I summarizes 
some o f  t h e  r e s u l t s  ob ta ined us ing  b o t h  t h e  P I C  B-8 and P I C  B-5 t y p e  reagents, 
b o t h  f o r  u n i v a l e n t  and d i v a l e n t  metal ca t ions .  These R I  r e s u l t s  have been 
conf i rmed i n  a lmost  a l l  ins tances v i a  I C P  d e t e c t i o n  under s i m i l a r  HPLC 
c o n d i t i o n s .  I n  t h e  case o f  t h e  PIC B-8 reagent ,  i t  was n o t  p o s s i b l e  t o  ge t  
t h e  d i v a l e n t  metal spec ies t o  e l u t e  w i t h i n  a reasonable amount o f  t ime 
a f t e r  observa t ion  o f  t h e  u n i v a l e n t  spec ies.  We t h e r e f o r e  i n v e s t i g a t e d  t h e  
use o f  t h e  analogous PIC 8-5 reagent ,  Table I, where in t h e  u n i v a l e n t  c a t i o n s  
e l u t e  j u s t  a f t e r  t h e  s o l v e n t  f r o n t ,  as a group, and t h e  d i v a l e n t  spec ies 
now e l u t e  a t  about 8.0 mins (t ), again as a s i n g l e  peak on t h e  R I .  It i s  t o  
be emphasized t h a t  i n  a l l  o f  t h i s  meta l  c a t i o n  i o n - p a i r i n g  work, we have n o t  
y e t  a t tempted t o  r e s o l v e  e i t h e r  t h e  +1 o r  +2 species f rom one another ,  b u t  
r a t h e r  we have emphasized t h e  o v e r a l l  group separa t ions  o f  +1 f rom +2. 
TABLE I 
Pai red- Ion  Reversed Phase HPLC o f  Meta l  Cat ions Wi th  R I  D e t e c t i o n  
Mob i le  Phase Metal Cat ion t, (mins) k '  (cap. f a c t o r )  
P I C  B-8a Na' 8.25 6.2 
K+ 8.6 6.5 
L i  + 8.15 6 .1  
cu+ 8.2 6.1 
P I C  B-5b K+ 2.85 0.36 
cut 2.85 0.36 
cu+2 7.8 2.7 
Zn+' 7.9 2.8 
Cd" 8.0 2.8 
8.1 2.9 Fe 
Pb+' 7 . 6  2.6 
+2 
a. HPLC-RI c o n d i t i o n s :  A l l t e c h  RP-18 column (4.6mm x 25cm) w i t h  a mob i le  
phase o f  0.005M octane s u l f o n i c  a c i d  (Waters PIC B-8), pH = 2.9, f l o w  
r a t e  o f  3.0rnl/min. 
b. HPLC-RI c o n d i t i o n s :  A l l t e c h  RP-18 column (4.6mm x 25cm) w i t h  a mob i le  
phase o f  0.005M octane s u l f o n i c  a c i d  (PIC 8-5) ,  pH=2.85, f l o w  r a t e  2.0 
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Thus ,  as in Table I ,  we have not attempted to  resolve Cu" from Znf2  o r  
Cd+*, b u t  instead have t r ied  t o  obtain useful group separations of a l l  the 
+1 cations from the +2 cation group. Molnar eta. in t h e i r  e a r l i e r  work, 
described the successful resolution of Na", K", and NH;' from each other, 
using similar paired-ion techniques, b u t  these workers had t o  use three 
C18 type columns placed in ser ies  to  achieve t h i s  resolution (45). Their 
use of a non-selective conductivity detector necessitated the i n i t i a l  
chromatographic resolution of each +1 species, in order t o  qual i ta t ively and  
quantitatively identify each species present. Our desire t o  interface th i s  
HPLC method with ICP detection does n o t  demand complete HPLC resolution of 
e i ther  the +1 or  +2 species, as demonstrated below. 
Fig. 1 i l lus t ra tes  a typical paired-ion RP-HPLC-RI separation of Cu+' 
and C U + ~ ,  injected i n i t i a l l y  as 26.8~9 Cu'l in the form of CuCl (cuprous 
chloride). This was an old sample of CuCl from the Chemistry stockroom a t  
the University, prepared in the mobile phase, which apparently existed more 
as Cu" than the expected Cu". Clearly, the reading of bot t le  labels does 
not guarantee the contents of a bot t le  are  as represented a t  the time of 
sa le .  A recently purchased sample of CuCl showed via t h i s  method almost no 
Cu" ion present. When a new sample of cupric acetate (CU(OAC)~) was 
prepared and analyzed, th i s  sample existed almost ent i re ly  as C U + ~ ,  with 
only a very small contribution from the peak a t  tr = 2.85 mins, which i s  
tha t  of Cu'l. Also, when solutions of Cu'l, prepared from old CuCl were 
analyzed by paired-ion RP-HPLC-RI-ICP techniques, the ICP clearly showed 
the presence of two d is t inc t  forms of copper, as expected from the above. 
depending on which acid may be used t o  dissolve the i n i t i a l  copper s a l t s ,  
i t  i s  possible t o  bbserve three d is t inc t  copper containing ionic species 
- via paired-ion RP-HPLC-ICP conditions. I n  order t o  dissolve certain copper 
s a l t s ,  we have used, in some instances, hydrochloric or su l fur ic  acids 
(d i lu te  concentrations), and these f inal  solutions were then used for  
the paired-ion analyses. I n  certain instances, we have clearly observed y& 
both RI and ICP detection, three d is t inc t  copper containing species. Two 
o f  these are as already indicated, Figure 1, and a third copper containing 
species has a retention time in between those for  the Cu" and Cu" species. 
I t  i s  possible that  th i s  third species i s  a mixed ligand, C U + ~ ,  t r i p a r t i t e  
ion species, perhaps containing only one counter-ion derived from the PIC 
8-5 reagent and the remaining ion C1-I. 
paired-ion RP-HPLC separations of metal cations, such as those in Table I ,  
dirkctly t o  the ICP. In th i s  manner, element specif ic  ICP  chromatograms can 
We have observed that  under certain sample preparation conditions, 
I t  has, of course, now been possible t o  interface a large number of 
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RETENTION TIME ( m i n d  
FIGURE 1 
be readi ly  obtained, e i t h e r  in continuous pr in t -out  o r  t abu la r  formats. 
These tabular  formats a r e  then readi ly  converted i n t o  e i t h e r  a pulsed o r  
continuous type chromatogram, and this can be done manually o r  ins t rumenta l ly .  
The t r u e  ana ly t ica l  c a p a b i l i t i e s  f o r  metal ca t ions  o r  anions r e s ides ,  in pa r t ,  
i n  the  multi-element capab i l i t i e s  of t h e  ICP de tec to r .  That i s ,  in order  t o  
determine how much of each possible valence s t a t e  a metal may e x i s t  as  i n  any 
given sample, i t  i s  r e a l l y  only necessary f o r  t he  ana lys t  t o  physically 
separa te  a l l  of the  +1 species from the +2s, o r  t he  +2s from the  +3s, and 
so fo r th .  Once t h e  d i f f e r e n t  valence s t a t e s  a r e  a l l  resolved from each o the r ,  
chromatographically o r  otherwise,  then the  ICP can reso lve  each individual 
metal species present within a mixture of +Is, +2s, +3s, e t c .  Indeed, using 
th i s  approach, but purely as an i l l u s t r a t i o n  of the possible c a p a b i l i t i e s  
and poten t ia l s  of HPLC-ICP analyses f o r  metal ions ,  Figure 2 ind ica tes  a 
synthe t ic  mixture of t h ree  separa te  d iva len t  metal ca t ions .  These a r e  Fe , 
Cd+2, and Zn+2, in jec ted  as  a mixture o f  a l l  t h ree ,  a t  t h e  l eve l s  ind ica ted ,  
Figure 2 ,  using a s p l i t  of the  column e luent  t o  both RI and ICP de tec to r s .  
Naturally,  the  RI de tec tor  shows only a s ing le  peak f o r  a l l  th ree  d iva len t  
spec ies ,  s ince  these a r e  not chromatographically d is t inguishable  from each 
o ther  on the  non-selective RI. Indeed, i f  one only used the non-selective 
RI de t ec to r ,  then i t  would be impossible t o  know t h a t  more than one species 
was present under the  s ing le  chromatographic peak. However, the ICP i s  ab le  
t o  monitor a number of emission wavelengths, i n  rap id  sequence, and t o  
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FIGURE 2 
time. I t  i s  then able to  s tore  t h i s  information, as pre-determined by the 
particular program that  operates the ICP, and t o  integrate each l igh t  emission 
a t  the appropriate wavelengths every one, two, f ive,  o r  x seconds during 
the en t i re  HPLC process. One therefore obtains an ICP print-out, Figure 2 ,  
here re-constructed manually from the tabular format, for  each metal species 
wavelength of emission. The wavelengths used here are indicated, wherein we 
have previously determined no spectral interferences for  any of the three 
metal wavelengths involved. In essence, one has three d is t inc t  HPLC-ICP 
chromatograms for  a l l  of the metal cations present in the i n i t i a l  sample. 
We have performed analogous, i l lustratuve s tudies ,  using other +1 and +2 
species, wherein a l l  of the +Is a re  separated from the +2s, and  where the 
ICP  i s  then able t o  determine how much of each +1 and +2. species were present 
in the or iginal ,  simulated mixture of metal ionic species. T h i s  i s  therefore 
true metal speciation, wherein the analyst now has the a b i l i t y  t o  determine 
a very large number of metallic cations present in the same sample matrix, 
a l l  with a bare minimum of sample work-up, handling, and preparation prior 
t o  the HPLC-ICP. This method avoids any form of sample derivatization before 
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We, as we l l  as others,  have inves t iga ted  the c a p a b i l i t i e s  o f  paired- ion 
RP-HPLC-ICP f o r  performing metal anion analyses, w i t h  the  i n i t i a l  emphasis 
here on the  speciat ion o f  various arsenic conta in ing  oxyanions. We have a lso  
app l ied  these same techniques f o r  the spec ia t ion  o f  chromium ions, v&., 
chromate and chromic ions,  bu t  t h i s  work w i l l  be presented elsewhere (50 ) .  
The analysis-speciat ion o f  arsenic conta in ing  compounds i s  o f  in tense cur ren t  
i n t e r e s t ,  as evidenced by the number o f  l i t e r a t u r e  references w i t h i n  recent 
years (11-14, 25, 26, 30, 51). Most o f  the reported work w i t h  arsenic oxyanions 
has invo lved the use o f  ion-exchange packings i n  conventional HPLC, bu t  some 
work has been done using paired- ion RP-HPLC i n  combination w i t h  g raph i te  
furnace AA (11) o r  I C P  (30, 51) .  We have inves t iga ted  the  pa i red- ion  RP-HPLC 
reso lu t i on  o f  three d i s t i n c t  arsenic species, a., sodium a rsen i te  (NaAs02), 
sodium dimethyl arsenate (sodium cacodylate, Na(CH3)2As02.3HOH), and sodium 
arsenate (Na2HAs04.7HOH). Using the P I C  A type reagent, i t  has been poss ib le  
t o  s a t i s f a c t o r i l y  resolve a l l  three arsenic oxyanions w i t h i n  about 10 mins. 
HPLC-RI, Figure 3, ind ica tes  the presence o f  a t  l e a s t  th ree  compounds, bu t  
there are  a number o f  add i t i ona l  R I  peaks present i n  the  syn the t i c  mix tu re  o f  
standards. Using R I  alone, i t  would no t  be poss ib le  t o  assign i nd i v idua l  
peaks t o  any o f  the arsenic oxyanion mater ia ls .  However, once the  pa i red- ion  
RP-HPLC separation i s  i n te r faced  w i t h  I C P  detect ion,  i t  becomes apparent 
p rec ise ly  which chromatographic peaks are  indeed the  co r rec t  arsenic 
containing species. Figure 3 i s  a t y p i c a l ,  manually re-constructed HPLC-ICP 
chromatogram o f  the th ree  arsenic species involved, a l l  c l e a r l y  base l ine  
resolved w i t h i n  about 10 mins. The arsenic emission was monitored here a t  
a wavelength o f  228.83nm, i n  combination w i t h  an i n t e g r a t i o n  time o f  about 
1 sec. Each i n t e n s i t y  reading a t  these 1 sec i n t e r v a l s  was then used, a f t e r  
background subtract ion,  t o  produce the  f i n a l  I C P  chromatogram. 
We have i n t e n t i o n a l l y  omit ted any discussion here o f  minimum detec t ion  
l i m i t s  via HPLC-ICP o r  HPLC-RI. However, from the  data presented thus f a r ,  
i t  should be apparent t h a t  our  de tec t ion  l i m i t s  i n  e i t h e r  de tec t ion  mode do 
not f a l l  below the ppm leve ls  f o r  any o f  the metals s tud ied  here. I n  o ther  
work, we have made d i r e c t  comparisons of d i rect- ICP and HPLC-ICP detec t ion  
l i m i t s ,  espec ia l l y  f o r  cadmium and chromium (50).  Gecause o f  the  band 
broadening present w i t h i n  a l l  HPLC-detector i n te r fac ing ,  due t o  the  nature 
o f  the  HPLC process and the i n t e r f a c i n g  hardware dead volume, there  must 
always be a worsening o f  the  de tec t ion  l i m i t s  i n  t h e  i n te r faced  mode. One would 
automat ical ly expect t h a t  t h i s  d i f f e rence  should be about 15-25 f o l d  worse 
f o r  the HPLC-ICP case, bu t  we and others have seemingly found t h i s  d i f f e rence  
t o  be somewhat more than t h i s  estimated value. I n  some instances, the  ove ra l l  
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FIGURE 3 
magnitude, and we are currently trying t o  understand the specif ic  reasons for  
this  effect .  Obviously, for  any HPLC-ICP method t o  have value in real world 
applications, there must be detection limits which rival or  equal those already 
possible via direct-ICP. A t  the same time, we are  somewhat surprised and t ruly 
impressed by those reports in the l i t e ra ture  which report HPLC-ICP detection 
limits which are  equal to  or, in some cases, bet ter  than those possible/ 
reported for  direct-ICP. What i s  called for  in these studies i s  a direct  
comparison of direct-ICP vs. HPLC-ICP for  the same analytes and absolute 
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CONCLUSION 
lie have attempted t o  develop and per fec t  a va r i e ty  of HPLC approaches 
f o r  t he  successful and e f f i c i e n t  reso lu t ion  of a wide va r i e ty  of inorganic,  
me ta l l i c  cations and anions.  We have espec ia l ly  wanted t o  use the tremendous 
amount of information and exper t i se  t h a t  has evolved over t h e  pas t  few years 
with regard t o  paired-ion RP-HPLC methods/applications.  There i s  every reason 
t o  believe t h a t  a l t e r n a t i v e  methods of performing inorganic ion ic  separations 
wi l l  provide j u s t  as much usefu l ,  overa l l  r e s u l t s  as  those described here. 
However, in the case of low pressure ion chromatography, t he  question remains 
of the  general app l i cab i l i t y  of t h i s  approach f o r  performing inorganic,  
metal ion analyses in  combination w i t h  I C P ,  wherein this  would mean the  
v i r tua l  exclusion of a l l  o the r  forms of HPLC separa t ions .  On t he  o the r  hand, 
the  reversed phase columns t h a t  we have u t i l i z e d  f o r  RP-HPLC-RI - ICP a r e  s t i l l  
read i ly  ava i lab le  f o r  performing o the r  types of organic HPLC analyses ,  using 
the exact same type of HPLC instrumentation and hardware. T h i s  would appear 
t o  be a very s i g n i f i c a n t  advantage i n  using reversed phase HPLC approaches 
f o r  inorganic,  ion ic  o r  organometallic type separa t ions .  
The combination of ion ic  chromatography and element s p e c i f i c  I C P  
detec t ion is  qu i te  obviously an extremely powerful method f o r  inorganic 
type analyses.  I C P  apparently has fewer matrix in te r fe rence  and s a l t  
in te r fe rence  problems as compared w i t h  either flame AA o r  graphi te  furnace 
AA methods of today. Most importantly,  I C P  has t r u e  multi-element c a p a b i l i t i e s ,  
something which conventional AA and/or GFAA do not r ea l ly  possess. I C P  can 
a l so  be qui te  compatible w i t h  high s a l t  concentrations in the HPLC mobile 
phase (49, 5 0 ) ,  without producing spec t ra l  o r  sample matrix in te r fe rences  
f o r  the metal of i n t e r e s t .  This may not be the  case with FAA and/or GFAA 
approaches. Also, I C P  would appear t o  be somewhat more compatible with 
gradient e lu t ion  HPLC methods, espec ia l ly  with those which would involve 
the  use of methanol, ethanol,  o r  isopropanol. We and others have noted t h i s  
po ten t ia l  f o r  using mixed aqueous:organic type so lvents  in I C P  opera t ions ,  
a t  times with increased signal responses f o r  p a r t i c u l a r  ana ly tes .  A number 
of o the r  organic HPLC solvents may a l s o  prove compatible with rout ine  I C P  
operation, and considerable more work remains t o  be undertaken i n  t h i s  area 
(16 ,  30, 5 2 ) .  Obviously, i t  would be extremely advantageous t o  undertake 
gradient e lu t ion  RP-HPLC separa t ions  i n  combination with I C P  detec t ion ,  f o r  
t h i s  approach would then allow fo r  a complete metal spec ia t ion  p r o f i l e  
determination f o r  a very la rge  number of metal elements/species.  Q u i t e  
c l e a r l y ,  our work here i s  b u t  one s t e p  in t h a t  d i r ec t ion .  
We have only b r i e f l y  discussed detection l i m i t s  i n  t he  HPLC- ICP mode, 
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t h i s  regard. I t  i s  our be l i e f  t h a t ,  i n  genera l ,  an i n s u f f i c i e n t  amount of 
work has been devoted t o  maximizing HPLC-ICP s e n s i t i v i t y  and minimizing 
i t s  de tec t ion  l i m i t s .  These must be brought more i n  l i n e  w i t h  t he  correspond- 
ing HPLC-GFAA o r  d i r e c t  GFAA l i m i t s / s e n s i t i v i t i e s .  Thus  f a r ,  most repor t s  o f  
HPLC-GFAA de tec t ion  l i m i t s  i nd ica t e  a s i g n i f i c a n t  advantage over the 
analogous HPLC-ICP de tec t ion  l imi t s  f o r  the  same samples and HPLC condi t ions .  
Unfortunately, t he re  a r e  very few meaningful d i r e c t  comparisons of HPLC-GFAA 
and HPLC-ICP f o r  t he  same HPLC conditions and ana ly tes  of i n t e r e s t .  I t  i s  
our hope, as well as  t h a t  of o the r s ,  t h a t  the fu tu re  wi l l  bring fo r th  g rea t ly  
improved l i m i t s  o f  de tec t ion  f o r  HPLC-ICP methods, and t h a t  t h i s  approach 
wi l l  take i t s  r i gh t fu l  place as a highly v e r s a t i l e  and q u i t e  useful method 
of t r ace  element ana lys i s  and spec ia t ion .  
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